The concentration of cortisol and ACTH in
the umbilical vein plasma of the foetal guinea pig has been measured over the later half of gestation. Between 55\p=n-\60 days there is a large increase in the concentration of both. Injection of ACTH1-24 into the foetal guinea pig elicits a relatively small increase in plasma cortisol at 46\p=n-\55days, a somewhat greater response at 56\p=n-\60 days and a large response at 61\p=n-\66 days. Between 47\p=n-\55 days and 58\p=n-\63 days cells prepared from the foetal adrenal show a large increase in their responsiveness to ACTH stimulation as measured by cortisol and androstenedione output. However, there was no clear difference in responsiveness between 58\p=n-\60 days and 61\p=n-\63 days. Thus between 56\p=n-\60 days the foetal adrenal appears less responsive to ACTH stimulation in vivo than in vitro. ACTH in the circulation of the guinea pig is present in high-molecular-weight and low-molecular-weight forms and the ratio of concentration of ACTH1-39 to that of the high-melcular-weight forms rises after 60 days. It is proposed that this is an important factor in inducing an increased steroid response from the foetal adrenal.
A striking feature of the development of pituitaryadrenal axis is the rise in the circulating corticosteroid concentration of the foetus several days before parturition. This occurs in ruminants (Bassett & Thorburn 1969; Comline et al. 1970 ) and in small animal species (Holt & Oliver 1968; Adams & Wagner 1970; Mulay et al. 1973; Jones 1974) , but the changes are probably more gradual in primates (Oakey 1975; Challis et al. 1977; Seron-Ferre 1978) . Only for sheep has it been demonstrated that the rise is the result of increased secretion from the foetal adrenal (Nathanielsz et al. 1972; Liggins et al. 1973 ), but the cause is unknown even in this species. ACTH alone does not appear to be responsible (Rees et al. 1975; Jones et al. 1977b ). In vitro and in vivo data suggest that the foetal sheep adrenal is relatively unresponsive to stimulation by ACTH until several days before delivery (Bassett & Thorburn 1973; Liggins et al. 1973; Jones et al. 1977a ). Although our recent observations with adrenal cells from the foetal sheep suggest that this description is incomplete and that even prior to the pre-parturient rise in corticosteroids adrenal cells are not inherently unresponsive to ACTH at con¬ centrations found in the circulation (Jones 8c Roe¬ buck 1980). The foetal guinea pig like the sheep has a large increase in circulating cortisol concentrations seve¬ ral days before delivery (Jones 1974; Dalle & Delost 1976) . Thus in the present study changes in circu¬ lating ACTH and corticosteroid concentrations of, and changes in, the in vivo and in vitro responses of the adrenal of the foetal guinea pig have been followed and compared with those of the foetal sheep.
Materials and Methods

Animal manipulations
Pregnant guinea pigs of the Dunkin-Hartley strain were used, and the date of mating was determined as de¬ scribed by Elvidge (1972) . For the collection of blood samples pregnant animals were either anaesthetized by an iv injection of sodium pentobarbitone (30 mg/kg) via an ear vein or killed by a sharp blow to the base of the neck. Foetuses were delivered through a cut in the uterus either immediately after killing the guinea pig or about 10 min after anaesthetization. Blood was collected from the umbilicial vein into heparin (about 5 units/ml). The time between death and collection of blood from the umbilical vein did not exceed 60 seconds.
In some cases, 10 min after anaesthetization, 1 pg of ACTHi-24 (Synacthen, CIBA) was injected directly into the foetus (i.e. ip) through the maternal body wall before an incision was made in the maternal abdomen. Then either 15, 30 or 60 min after the injection a sample of umbilical vein blood was taken from an injected and from a non-injected foetus. Foetuses that were injected with the saline vehicle in which ACTHi-24 was dissolved gave essentially the same results as non-injected controls.
Cell preparation
For the determination of responses to ACTH, adrenal cells were prepared by collagenase digestion (Sayers et al. 1971 ; Lowry et al. 1973 ). The adrenals from 47 to 63 day foetus or from 300-500 g non-pregnant guinea pig were trimmed of fat and connective tissue, weighed, finely chopped with a scalpel blade and suspended in 10 ml of Krebs bicarbonate buffer containing 20 M-Hepes (N-2hydroxyethylpiperazine-N'-2-ethanesulphonic acid, Sig¬ ma), pH 7.4, 0.5% (w/v) bovine serum albumin and 25 mg of collagenase (Sigma Type 1) in a 20 ml plastic vial. This was gassed with 95% O2 and 5% CO2 at 37°C for 60 min, and the cell suspension was stirred with a polytetrafluoroethylene paddle rotating at 500 r.p.m. (Lowry et al. 1973 ). The suspension was filtered through 100 pm nylon mesh and spun at 200 g for 15 min. The cells were washed twice in 10 ml of Krebs bicarbonate buffer containing 0.1 mg/ml of soya bean trypsin inhibi¬ tor (Sigma), then finally suspended in 25 ml of the buffer containing the trypsin inhibitor. Aliquots of 0.5 ml of this cell suspension were added to 0.1 ml of 50 ran sodium phosphate, pH 7.4, containing a range of ACTH concen¬ tration in 2 ml polystyrene tubes (LP3, Luckham Ltd., Surrey) and incubated under 95% O2 and 5% CO2 for 2 h at 37°C in a shaking water bath. At the end of the incubation the cells were centrifuged at 1000 g for 15 min at 4°C. The supernatant was used for cortisol and androstenedione assay.
The ACTH used in the incubation was the human standard (74/55 S) from the National Institute for Biolo¬ gical Standards and Control, London.
ACTH assay
ACTH concentrations were determined either by radioimmunoassay as described by Jones et al. (1977a) or by bioassay. At concentrations used heparin sulphate had no effect in either assay. The bioassay method used trypsinprepared adrenal cells of the adult guinea pig (Jones & Ritchie, in press). The cells were incubated and sub-sequently treated as described above. The intra-and inter-assay coefficients of variation for 100 pg of ACTH were 13.3 ± 4.2 (6%) and 18.2 ± 5.1 (6%) for the radioimmunoassay and the bioassay, respectively.
Steroid and prostaglandin assays.
Cortisol was assayed by radioimmunoassay (Abraham et al. 1972 ) with an inter-assay coefficient of variation of 8. i ± 2.1% (sd). Androstenedione was assayed by radio¬ immunoassay (Abraham et al. 1973; Challis et al. 1973) . with an inter-assay coefficient of variation of 9.5 ± 3.5%. Prostaglandins were measured by radioimmunoassay as described by Mitchell et al. (1976) and Mitchell & Flint (1978) .
Cell viability and counting
Viability of cells was tested by trypan blue exclusion. Only 6 ± 2% of the cell took up the blue dye. Cell number was estimated by phase contrast microscopy and ranged from 50 000 to 150 000 cells/ml.
The cell content of the suspension was accurately determined by measuring its DNA (Burton 1956 ).
Separation of ACTH peptides
Pooled plasma samples (4 ml) from foetal and adult guinea pigs were treated with Lima Bean Trypsin Inhibi¬ tor (0.025%; w/v) and applied to a 0.9 x 95 cm column of Sephadex G-50 fine. The plasma was eluted with 50 mM sodium phosphate, pH 7.5, containing 1 mM dithiothreitol, 2.5% (w/v) human serum and 0.025% (w/v) Lima 40 50 60
Age(days) Fig. i. The concentration of cortisol in umbilical vein plasma of the foetal guinea pig. Umbilical vein blood was collected from foetuses of pregnant guinea pigs anaesthetised with sodium pentobarbitone. Cortisol was determined by radioimmunoassay.
Bean Trypsin Inhibitor, at about 1 ml/5 min. Fractions of 5 ml were collected, and ACTH was determined by radioimmunoassay. ACTH recovery from the columns was 72 ± 16(4)%.
Expression of results
Where appropriate the results are expressed as means ± SD or SE with the number of observations in paren¬ theses. Significance was determined by the Student's /-test.
Results
Plasma cortisol concentrations
As has been previously described (Jones 1974 ) the predominant corticosteroid in the circulation of the adult and foetal guinea pig is cortisol. It in¬ creases the concentration in the foetal plasma at 58 -60 days, and high values are maintained until delivery. While the changes in foetuses with mo¬ ther under sodium pentobarbitone anaesthesia were qualitatively similar, the cortisol concentra¬ tions (Fig. I ) were much less than those measured in foetuses immediately after maternal death (Jones 1974) .
Cortisol responses to ACTH in vivo
During the course of 60 min of anaesthesia the plasma cortisol concentration in foetal guinea pigs changed little (Table 1) . At 46-55 days injection of 1 pg of ACTHi-24 caused a doubling of the plasma cortisol concentration. While at 56-60 days it rose about 4-fold and at 61-66 days about 10-fold (Table 1 ) in response to 1 pg of ACTH. These were at 15 or 30 min after the injection of ACTH when the responses were maximum. If the results from the foetuses of 56 and 57 days are excluded the 56-60 days group then the picture remains iden¬ tical. Moreover, in the 61-66 days group the responses showed no change with increasing gestational age.
Plasma ACTH concentration
Between 45 and 55 days the ACTH concentration in the plasma of the foetal guinea pig changed little and then rose sharply between 55 and 60 days (Fig. 2 ). It remained more or less constant there¬ after. The absolute ACTH concentrations de¬ pended both on the method of animal handling and on the hormone assay used. Samples collected without anaesthesia gave 2to 3-fold higher con¬ centrations than those collected with anaesthesia.
Results from the adrenal cell bioassay gave consi¬ stently higher ACTH concentrations. Despite these differences the qualitative nature of the changes in circulating ACTH concentration in the developing foetus remained the same (Table 2) .
ACTH peptides in plasma
Much of the ACTH in the circulation of adult and foetal animals is not ACTH1-39 (Jones 1975 (Jones , 1976 Age(days) Fig. 2 . The concentration of ACTH in the umbilical vein plasma of the foetal guinea pig. Umbilical vein blood was collected either (a) after maternal death as described by Jones (1974) , or (b) after maternal anaesthetisation with sodium pentobarbitone as described in the Methods section. ACTH was determined by radioimmunoassay (Jones et al. 1977a ).
Ritchie, in press). To establish whether this applied to the recorded changes in plasma ACTH concen¬ trations in the foetal guinea pig, pooled plasma samples were subjected to gel-filtration chromatography (Fig. 3 ). It is clear that at 49 -53 days and 60 -65 days foetal and in the adult the major ACTH is eluted in the region of ACTH1-39. There are at least 4 peptides that cross-react with the ACTH antibody that have been labelled I to IV in order of increasing molecular weight (Jones 1975 (Jones , 1976 Jones & Ritchie, in press; Silman et al. 1979 ).
Peptides in the region of I have little biological activity, those in the region of II are comparable with ACTH1-39. Peptides in the region of III and IV are higher-molecular-weight forms of ACTH. The concentrations of these high molecular weight forms of ACTH does not change significantly during development, but since the concentration of II increased, the relative contribution of III and IV 0 20 10 to the total plasma ACTH concentration falls sub¬ stantially between 53 and 65 days (Table 3) .
Cortisol output by adrenal cells Adrenal cells prepared by collagenase digestion of the gland of the adult guinea pig increased their output of cortisol in response to ACTH concentra¬ tions higher than 10 pg/ml (Fig. 4) . Between 40 and 160 pg/ml of ACTH the output of the cells doubled, then further increases in ACTH concen¬ tration caused a more gradual increase in cortisol output (Fig. 4 ). Adrenal cells prepared from foetal adrenals had a lower basal output of cortisol than the adult and did not increase their output below ACTH concentrations of 40 pg/ml (Fig. 5 ). At 47 -55 days output was stimulated by a relatively small but significant amount between ACTH con- Fig. 3 . Molecular heterogeneity of ACTH in the umbilical vein plasma of the foetal and adult guinea pig. Plasma was separated on Sephadex G-50 (fine), and ACTH was determined by radioimmunoassay as described in the Methods section, (a) 49-53 days foetal, (b) 60-65 days foetal, (c) adult. Pooled (4 ml) samples were applied to the column (0.9 x 95 cm). Vertical bars represent 2 sn, and the results represent the means of 4-6 experiments. (6) 762 ± 242 (7) 214 ±39 (6) 943 ± 176 centrations of 40 and 300 pg/ml and was then unaffected by further increases in concentration (Fig. 5 ). At 58-63 days there was a progressive increase in cortisol output as the ACTH concentra¬ tion was increased from 40 pg/ml to 16 ng/ml (Fig. 5 ). The rise of this response was much greater than in adrenal cells from 47-55 day foetuses but less than that of the adult. There was no major difference in the responses of cells prepared from foetuses between 58 and 63 days.
Androstenedione outputfrom foetal adrenal cells Androstenedione production by cells from the adrenal of 47-55 day foetal guinea pigs was low and was increased by a significant (P < 0.01) but small extent at ACTH concentrations between 40 pg/ml and 1.6 ng/ml (Fig. 6 ). At 58-63 days the basal production rate of androstenedione was about 4 times higher and increased 2to 3-fold between ACTH concentrations of 40 pg/ml and 1.6 ng/ml (Fig. 6 ). There were no major differences in the responses of cells prepared from foetuses be¬ tween 58 and 63 days. Although the basal output of androstenedione from adrenal cells of the adult guinea pig was about one half of that of cells from the 58-63 days foetus, the adult cells were much more sensitive to stimulation by low concentrations of ACTH (Fig. 7 ).
Oestrogen and prostaglandin production from adrenal cells No oestrogen production could be detected from (ng/ml)
The output of cortisol from adrenal cells of foetal guinea pigs. The cells were prepared and incubated as described in the Methods section (A) 47-55 days foetal, (•) 58-63 days foetal. Vertical bars represent 2 SE, and the results are the means of 6 experiments.
the adrenal cells of foetal or adult guinea pigs either in the presence or absence of ACTH i.e. the production rate of oestradiol-17ß and oestrone was < 50 pg and 243 ± 51 pg/2 h per pg of DNA, respectively. No consistent changes in prostaglandin production by the adrenal cells in response to ACTH was observed. The average production rates were 619 ± 152 pg and 938 ± 27 pg/2 h per pg of DNA for PGE2 and 13,14-dihydro-15-oxo prostaglandin F2a, respectively. The production rate for PGF2a was < 50 pg/2 h per pg of DNA.
There were no apparent differences between the foetal and adult cells.
Discussion
The increase in the activity of the adrenal of the foetal guinea pig between 55-60 days has been previously reported (Jones 1974) . It is clear from the present observations that this coincides well with the increase in ACTH concentration in the foetal circulation at this time. Large differences, however, have been observed here and elsewhere (Jones 1974; Dalle & Delost 1976) in the concentra¬ tion of cortisol and ACTH in the foetal circulation.
These propably relate to differences in sampling procedure. It is possible that foetal blood samples collected under anaesthesia are more representa¬ tive of the undisturbed foetus in utero than those collected immediately after maternal death. How¬ ever, the hormone concentrations may be lower than normal because barbiturates inhibit the secre¬ tion of ACTH (Egdahl 1966) . Despite differences in absolute concentration the developmental changes observed using the different sampling methods were identical. These show a substantial increase in cortisol secretion from the foetal adre¬ nal between 55 and 65 days that coincides with structural changes in the adrenal cortex indicative of increased steroidogenic activity (Black 1972; Black & Bogart 1973) . It is likely that a significant fraction of the cortisol in the foetal circulation of the guinea pig is of maternal origin (Jones 1974; Dalle & Delost 1979) . Dalle & Delost (1979) suggest the majority is derived from the maternal circula¬ tion. Our previous data (Jones 1974) showing a higher free cortisol concentration in the foetal rather than in the maternal circulation after 60 days does not agree with this and is consistent with the ACTH data reported here. The changes in cortisol concentration in foetal plasma in response to ACTH large increase in responsiveness at 61-66 days. This is similar to the situation that appears to exist for the foetal sheep adrenal in vivo (Bassett & Thorburn 1973; Liggins et al. 1973; Jones et al. 1977a ). Namely an adrenal gland that is relatively unresponsive to ACTH until shortly before birth.
However the data on the cells of the adrenal gland in vitro is not completely consistent with the in vivo information. That obtained from cells pre¬ pared from foetuses of 47-55 days suggest a poorly developed pathway for ACTH-stimulation of steroidogenesis, and is consistent with the in vivo data. By 58 -60 days the adrenal cells appear to have developed a steroidogenic pathway highly respon¬ sive to ACTH stimulation which does not change between 60-63 days. However, the in vivo data suggest that the pathway is not fully developed until after 60 days. Such inconsistency between in vivo and in vitro data has been seen in the foetal sheep where at 120-135 days isolated cells are responsive to very low ACTH concentrations, but in vivo the response is poor; this suggests a sup¬ pression of the foetal adrenal in vivo. The reason for the progressive increase in responsiveness of the adrenal cells to ACTH is not clear. It may result from an increase in the capacity of the steroido¬ genic pathway (Anderson et al. 1973 ) and observa¬ tions on the changing microscopic structure of the 114 adrenal cells support this. It may also be partly explained by an increase in receptor density of the adrenal cells membranes. A progressive increase in adenylate cyclase activity in adrenals of the de¬ veloping rabbit supports this view (Albano et al. 1976 ). Although there need not necessarily be a close relationship between stimulation of adenylate cyclase and ACTH action (Beall & Sayers 1972; Moyle et al. 1976) . ACTH exists in the pituitary (Yalow 1976; Silmanetal. 1976 Silmanetal. , 1978 Silmanetal. , 1979 Jones & Ritchie, in press) and in the circulation of nume¬ rous adult and foetal species in more than one molecular form (Yalow 1976; Jones 1976; Pucklevac, in press). The high molecular weight forms of ACTH may influence the function of the foetal adrenal. This is further suggested by drama¬ tic fall (P < 0.05) late in gestation in the proportion of the high molecular weight forms compared with ACTHt-39. Thus the rise in plasma ACTH concen¬ tration between 58 days to term is much greater for ACTHt-39 than the large ACTH-like peptides. Similar changes have been reported for the foetal sheep . Moreover, the ability of the big ACTH-peptides to suppress the action of ACTH on adrenal cells from the foetal sheep adrenal ) suggests that in the foetal guinea pig, at least between 55 and 60 days, if not earlier, such peptides prevent the adrenal gland from responding normally to ACTH stimulation. A full answer to this awaits pure pre¬ parations of the peptides in the guinea pig pitui¬ tary. Then later in gestation the increase in the relative amount of ACTH1-39 is partly responsible for the increased activity of the adrenal gland.
These data are consistent with that of Donovan & Peddie (1974) who showed at as early as 60 days the adrenal gland of the foetal guinea pig was capable of responding to ACTH stimulation in vivo.
Thus like the foetal sheep and possibly the foetal rhesus monkey the foetal guinea pig has an adrenal gland that appears, for a part of gestation, to be relatively unresponsive to ACTH in vivo but not inherently unresponsive to the hormone in vitro. Some of this unresponsiveness in vivo may be explained by inhibitory effects of the high-molecu¬ lar-weight ACTH peptides.
Although, as indicated by oestradiol-17ß, plasma oestrogen concentration increases during preg¬ nancy in the guinea pig, with a peak at 55-60 days, the levels achieved are low compared with other species (Challis et al. 1971; Heap et al. 1973 ). Studies on the effects of maternal ovariectomy and adrenalectomy suggest that the oestrogens are largely derived from the foeto-placental unit (Illingworth & Challis 1973) . Thus, assuming that andro¬ stenedione is representative of oestrogen precur¬ sors synthesized by the foetal guinea pig adrenal, the changes in androstenedione production from foetal adrenal cells is in broad agreement with the change in oestrogen concentration in maternal plasma.
